Concentrations of noble metals (Ir, Ru, Rh, Pt, Pd, and Au) in ocean-island basalts from the Cook Islands, Polynesia, were determined by improved fire-assay and tellurium coprecipitation techniques with an inductively-coupled-plasma mass spectrometer. Isotope, major element, and trace element compositions of these basalts indicate that the present samples include distinctive 
INTRODUCTION
Noble metals are highly siderophilic and chalcophilic, and knowledge of their geochemical behavior in basaltic magmas is the key to understanding mantle processes such as partial melting and core-mantle interaction. It has been demonstrated that the mantle sources for some ocean-island basalts (OIBs) have elevated 1870s/1880s ratios compared with both chondrites and midoceanic ridge basalts (MORBs) (Martin, 1991; Hauri and Hart, 1993) , which could be caused by addition of outer core materials with high Re/Os ratios to the base of the mantle (Walker et al., 1995) . This is consistent with the idea that a possible location of the hot-spot source, from which a mantle plume rises to generate O B magmas, is the D" layer at the base of the mantle, where a relative reduction of seismic velocity takes place (e.g., Stacey and Loper, 1983) . The following seismic observations further suggest that D" may be the source for at least some mantle plumes: (1) the presence of an ultra low-velocity zone near the core-mantle boundary, which is consistent with partial melting in that region (Wen and Helmberger, 1998) , and (2) the presence of a mantle-scale low-velocity anomaly beneath the South Pacific, probably related to upwelling of a large plume (Fukao, 1992) .
Although the geochemistry of platinum-group elements (PGEs) in OIBs has the potential to provide key information on deep-mantle processes, few new data on PGE abundances in OIBs have appeared since the work of Crocket and Skippen (1966) . The reason for this may be the difficulty in analyzing PGEs at such low concentration levl * E-mail: tatsumi @bep.vgs.kyoto-u.ac.jp. ' , els in basalts. This paper presents the first complete data set of PGE and Au abundance in Polynesian OIBs and examines the behavior of these elements during magmatic differentiation.
GEOLOGIC SETTING AND SAMPLES
The Cook and Austral Islands form a 1500-km-long chain extending northwestward from MacDonald Seamount (Fig. 1) . They are roughly parallel to other island chains of the South Pacific such as the Society and Tuamotu Islands. Radiometric dating of individual islands within the chain has demonstrated that there is not a simple correlation between the age and the distance of individual islands from a proposed Austral hotspot associated with an active volcano of the MacDonald Seamount @uncan and McDougall, 1976; Turner and Jarrard, 1982; Diraison et al., 1991) . Islands in the northern part of the island chain such as Rarotonga, Aitutaki, and Atiu, do not follow the age vs. distance relationship (Fig. 1) .
Rarotonga Island in the Cook Islands is elliptical in shape, 11 km east to west and 8 km north to south, and represents the upper 650 m of a volcano, which rises 5000 m above the surrounding sea floor. The geology of Rarotonga (Thompson et al., 1998) together with radiometric dating (Dalrymple et al., 1975; Turner and Jarrard, 1982; Matsuda et al., 1984) (Wood and Hay, 1970) . The volcanism ca. 19.5 Ma (Diraison et al., 1991) also shows a greater geochronological affinity with the Austral plume (Fig. 1) . The Mangaia volcanic . 
&VALYTICAL TECHNIQUES
Major and trace elements were analyzed with Sgaku 3550 and 3070 X-ray fluorescence spectrometers on fused glass beads and pressed powder pellets, respectively, following the methods of Goto andTabumi (1994 ,1996 .
The PGE and Au concentrations were determined by an inductively-coupled-plasma mass spectrometer (VG Plasma Quad 3) with improved techniques (described in Oguri et al., 1999) . In these fire-assay and tellurium coprecipitation methods, fusion was repeated twice and was carried out under reduced conditions. Duplicate Te coprecipitation was also performed under suitable temperatures and durations. Total blanks were <42 pg/l g sample except for Ru (220 pg) and Au (160 pg), and detection limits were 21,3, 9,2,13, and 53 ppt for Ru, Rh, Pd, Ir, Pt, and Au, respectively. The values and 1 B errors (all in ppb) obtained for UMT-1, a reference sample from the Canadian Centre for Mineral and Energy Technology, by duplicated analyses (n = 5) are Ru = 8.7 t 0.7 (10.9 f 1.5 in the reference sample),
Pb isotope compositions were measured with a Finnigan MAT 261 mass spectrometer with the analytical procedures given in Shimoda and Nohda (1995) . The averages and standard devia- 
RESULTS AND DISCUSSION
Analytical results are presented in Table 1 with estimates of modal compositions of phenocryst phases. Element abundance data have been recalculated to 100% on a volatile-free basis for plotting in Figures 2 and 3.
Isotopes and Major and Trace Elements
Previous studies have shown that basalts from Mangaia are derived from an HLMU-type source (high 238U/204Pb), whereas basalts from Rarotonga have been characterized as non-HIMU (Zindler and Hart, 1986; Hauri and Hart, 1993; Kogiso et al., 1997b) . Isotopic data for three of the present samples are consistent with the previous categorizations (Fig. 2) .
It has been documented that HIMU basalts are distinctive among OIBs in the relative enrichment of Nb to other incompatible elements (Weaver, 1991). Kogiso et al. (1997b) attributed this both to higher degrees of partial melting of a more fertile source to produce HIMU magmas'compared to other O B magmas and to initial melting in the presence of silicate perovskites, i.e., under lower mantle conditions, to produce HIMU magmas. These geochemical features can be also used to discriminate HIMU from non-= O B s such as EM-I and EM-II basalts. Nb/Zr and NblRb ratios in the present samples are shown in Figure 2 together with those of Polynesian and St. Helena basalts; the plot suggests that the samples from Mangaia and Rarotonga possess signatures characteristic of HIMU and non-HIMU basalts, respectively. We may thus regard samples from Mangaia and Rarotonga as HIMU and non-HlMSJ basalts, respectively, although isotope compositions have not been obtained for all samples. Figure 2 indicates that HIMU basalts are more enriched in Ca0 than non-HlMU basalts, which can be explained by the involvement of subducted ancient MORB in forming the HIMU geochemical reservoir (Kogiso et al., 1997b) . This process is consistent with high UPb ratios GEOLOGY, February 2000 in the HIMU source caused by selective extraction of Pb relative to U during dehydration processes in the sinking oceanic crust (Brenan et al., 1995; Kogiso et al., 1997a) .
Most basalts in Mangaia and Rarotonga contain considerable amounts of mafic phenocrysts. Although phenocryst-poor samples were selected for the present analyses, we nevertheless examined the effect of crystal accumulation in bulkrock compositions. In order to identify olivine and/or augite-cumulate rocks, the olivine fractionation trends for Ni and Mg were back-calcu-.
lated on the basis of (1) the compositions of the olivine-bearing basalt containing the least MgO among the present samples, (2) Mg-Fe and Mg-Ni exchange partition coefficients of 0.3 and 2.0-2.6, respectively, between olivine and an equilibrium melt (Roeder and Emslie, 1970; Kinzler et al., 1990) , and (3) Fe2+/(Fe2+ + Fe3+) = 0.9 in magmas. In this calculation, an iterative procedure was adopted by repeated addition of 0.5% of olivine, which is in equilibrium with the melt.
The results shown in Figure 2 demonstrate that the compositional variation in the present samples is largely explained by fractionation of olivine and not by an accumulation of phenocryst phases.
Noble-Metal Elements
In order to examine the behavior of noble metal concentrations in evolving magmas, the PGE and Au concentrations in HIMU and non-I-IIMU basalts were plotted against MgO in Figure 3 . With the exception of Ru, which has large analytical errors, concentrations of PGEs and Au in non-HIMU basalts increase and those in HIMU samples decrease with decreasing MgO content.
The amount of phenocryst phases separated from the magma can be estimated based on mixing calculations for major elements and mineral compositions. Apparent bulk distribution coefficients of PGEs and Au, which were obtained from such estimates and a Rayleigh fractionation model, are >5 for HIMU basalts. Tatsumi et al. (1999) examined crystal-structure controls on the partitioning of noble-metal elements and considered chromite to be the only nonsulfide phase to crystallize in a basalt magma and fractionate most PGEs effectively. However, Pd and Au may behave as incompatible elements even for chromite (Tatsumi et al., 1999) . It is thus suggested that the high bulk partition coefficients for all noble metals obtained for HIMU magmas cannot be explained solely by the separation of silicate and oxide phases from such magmas. Noble-metal elements are highly siderophilic and chalcophilic as indicated by extremely high sulfidelsilicate distribution coefficients in the range of 103-105 (Peach et al., 1990 (Peach et al., , 1994 Fleet et al., 1991) , and should be effectively fractionated from a magma that is precipitating sulfides. Therefore, the monotonic decrease in the concentrations of such elements during HIMU magma differentiation can be best explained by separation of sulfides as well as silicate and oxide phases. In contrast, the differentiation trends of noble metals for non-= magmas imply that effective sulfide separation may not take place in those magmas. Tatsumi et al. (1999) suggested that fractionation solely of silicate and oxide phases cannot account for differentiation trends in Hawaiian tholeiites (Fig. 3) ; small amounts of sulfides must play a role in the magmatic differentiation. Although the present trends for Rarotonga samples are almost ide!tical to those of Hawaiian samples, it is difficult to define the sulfide saturation in Rarotonga magmas. Even if sulfides were separated from Rarotonga magmas, however, sulfidekilicate ratios in crystallizing phases should be much smaller in non-HIMU Rarotonga magmas than in HIMU Mangaia magmas. What is the cause of different sufidelsilicate ratios in separating phases in HIMU and non-HIMU magmas? It has been repeatedly emphasized that oxygen fugacity in magmas is one key variable in the control of the PGE fractionation trend (e.g., Ballhaus, 1995) . This finding is supported by the observation that the slopes of PGE and Au fractionation trends for MORBs (Peach et al., 1990; Tatsumi et al., 1999) are much steeper than those for OIBs (Fig. 3) , because (1) the S solubility in a silicate melt shows a minimum under the NNO (nickel-nickel oxide) buffer and increases with decreasing oxygen fugacity (Katsura and Nagashima, 1974) and (2) oxygen fugacity in MORB magma is one log unit lower than that in OIB magmas from around the FMQ (fayalitemagnetite-quartz) buffer (Ballhaus, 1993) . If so, the fractionation trends of PGEs in the present samples may imply lower oxygen fugacity in HTMU than non-HIMU magmas.
The contrasting fractionation trends of most noble-metal elements for HIMU and non-HIMU basalts seem to cross each other at -13 wt% MgO (Fig. 3) . If values of 14-15 wt% are accepted as the MgO content in a primary Polynesian OIB magma (Kogiso et al., 1997b) , then HIMU primary magmas could have higher concentrations of noble-metal elements than non-HIMU magmas. Examination of the behavior of such elements in OIB magmas could provide key constraints on the deep-mantle compositions and on the processes that govern the mantle composition, such as core-mantle interaction.
